Marked hypoalphalipoproteinemia was found together with relatively low serum cholesterol, triacylglycerol, and LDL levels in a triose-phosphate isomerase (TPI; D-glyceraldehyde-3-phosphate ketol-isomerase, EC 53.1.1)-deficient Hungarian family, especially in the two compound-heterozygote brothers. Apart from a slight increase in palmitic and stearic acids together with a slight decrease in oleic and linoleic acids, no other changes were found in the fatty acid composition of the erythrocyte phospholipids. Anisotropy measurements with n-(9-anthroyloxy)stearic and -palmitic acid fluorophores revealed increased motional freedom of the fatty acid chains in the external lipid layers of the intact erythrocytes from all members of the TPI-deficient family as compared with normal agematched controls. This asymmetric increase in membrane fluidity was found to be significantly higher in the propositus than in his compound-heterozygote brother without any neurological disorders. The change in membrane fluidity may result from
idity was found to be significantly higher in the propositus than in his compound-heterozygote brother without any neurological disorders. The change in membrane fluidity may result from
as-yet-unresolved aspects of the lipid composition of the plasma membrane. Our findings that the differences between the TPIdeficient individuals and normal controls and the differences between the two compound-heterozygote brothers were all absent in the phospholipid extracts of the same erythrocytes favor the assumption that the increased motional freedom of the fatty acid chains in the external surface of the bilayer is caused by the binding of the mutant TPI molecule to the N-terminal sequence of band 3 protein.
Triose-phosphate isomerase (TPI; D-glyceraldehyde-3-phosphate keto-isomerase, E.C. 5.3.1.1) catalyzes the interconversion of glyceraldehyde 3-phosphate and dihydroxyacetone phosphate (DHAP) with high catalytic efficiency (by a factor of 1010). The interconversion favors the formation of DHAP by 20:1. TPI is a highly conserved (1) housekeeping enzyme expressed in all investigated cell types and has an essential role in glycolysis, gluconeogenesis, fatty acid synthesis, and the pentose phosphate shunt (2) .
TPI deficiency is a rare autosomal recessive defect. In the absence of consanguinity, clinically affected patients are usually genetic compounds of two defective mutant genes resulting in TPI activity that is <20% of normal. The leading clinical manifestations are (i) chronic nonspherocytic hemolytic anemia and (ii) early death prior to age 6. Infections and cardiac complications had been noted in the minority of the affected cases. Family members with one defective gene and TPI activity around 50% are completely normal.
Based on the energy dependence of mature erythrocytes on glycolysis, the depletion of adenosine triphosphate (ATP) has been proposed to be the cause of the shortened life span of erythrocytes in glycolytic enzymopathies (3). However, low erythrocyte ATP levels are not invariably associated with loss of viability, and circulating ATP levels are not necessarily diminished in patients with glycolytic enzyme defects (4).
The publication costs of this article were defrayed in part by page charge payment. This article must therefore be hereby marked "advertisement" in accordance with 18 U.S.C. §1734 solely to indicate this fact. (9) . There are two striking features in this TPI-deficient family: (i) the neurological disorders developed unusually late (at the age of 11 yr) and remained stable after the age of 13 yr in the propositus (B.J. Jr.), who is now 17 yr old, and (ii) his 24-yr-old brother (A.J.) has severe TPI deficiency and congenital hemolytic anemia. He is, however the only known compound heterozygote who has no neurological manifestation at all.
Analytical Methods. Preparation of Hb-free erythrocyte ghosts [i.e., rightside-out vesicles (ROV)] and inside-out vesicles (IOV) were carried out as described by Sarkadi et at (10) . Analyses of total cholesterol, high density lipoprotein (HDL)-cholesterol, low density lipoprotein (LDL)-cholesterol, and triacylglycerol were determined by enzymatic methods, while apoproteins AI, AII, and B were determined by immunoturbidimetric assays. Lipid extraction was done as described by Folch et at (11) . Phospholipids and neutral lipids were separated by silicic acid column chromatography. Phospholipid subclasses were separated on precoated silica gel plates (Merck). Fatty acid methyl esters were analyzed according to IUPAC recommendations (12) in a Chromopack-Packard 438A gaschromatograph.
Abbreviations: TPI, triose-phosphate isomerase; VLDV, very low density lipoprotein; LDL, low density lipoprotein; HDL, high density lipoprotein; IOV, inside-out vesicles; ROV, rightside-out vesicles (ghosts); DHAP, dihydroxyacetone phosphate; DPH-PA, 3-[p-(6-phenyl-1,3,5-hexatrienyl)phenyl]propionic acid; 2-AS and 12-AS, 2-and 12-(9-anthroyloxy)stearic acid; 16-AP, 16-(9-anthroyloxy)palmitic acid. §To whom reprint requests should be addressed. Dey and Farkas (13) . Preparation and labeling of phospholipid vesicles were as described by Dey et at (14) . All measurements were carried out as described (14) and corrected for light scattering according to Kuhry et at (15) . Measurements were carried out on samples from all members of the TPI-deficient family and 16 healthy age-matched voluntary blood donors. Every data-point on tables and graphs represents the mean of the 10 measurements (means ± SD < 0.05).
RESULTS
All members of the TPI-deficient family have low serum cholesterol, TG, and LDL-Chol levels. Both compound heterozygotes and their mother have significantly lower HDL levels, and both heterozygotes and their father have lower levels of apolipoproteins Al, All, and B (Table 2) . No significant changes were found in the ratio of the main components of very low density lipoprotein (VLDL), LDL, and HDL and in their fatty acid composition. Fatty acid composition of phospholipids from erythrocytes showed a very slight increase in 16:0 and 18:0 fatty acids together with a slight decrease in 18:1 and 18:2 fatty acids, especially in the phosphatidylethanolamine and in the sphingomyelin classes in all members of the family.
The moieties of the series of n-anthroyloxy fluorophore probes when used in nonperturbing amounts (i.e., <1.0 ,uM) locate at a graded series of depths in the outer hemileaflet of the erythrocyte membrane just as in the case of model lipid bilayers (16) (17) (18) of isolated biological membranes and living cells (19) . 2-AS reflects the motional freedom of the lipids at the level of the second carbon atom (C-2), whereas 12-AS and 16-AP reflect that at the level of C-12 and C-16, respectively. The results of the anisotropy measurements with these anthroyloxy fluorophores revealed significantly increased fluidity in the outer layer of the erythrocyte membrane in all members of the TPI-deficient family. This increase is most conspicuous at the C-2 level, it is still there at C-12, and disappears in the depths of C-16. This leaflet asymmetry in lipid motional freedom is significantly more expressed in the propositus (B.J. Jr.) with neurologic disorders than in his compound-heterozygote brother without any neurological signs and symptoms (Fig. 1) .
DPH-PA labels only the outer leaflet of the plasma membrane (20, 21) . The fluorescence anisotropy measurements with DPH-PA revealed a marked increase in the fluidity of the erythrocytes from the mother (Mrs. B.J.) and the two compound heterozygotes (B.J. Jr. and A.J.) as compared with the father and the normal controls (Table 3 ). This increase was most expressed in the compound heterozygote (A.J.) without any neurological disorder. The fluorescence anisotropy values of the erythrocyte ghosts (ROV) from both groups-that of the family members with TPI deficiency and the normal controls-were decreased as compared with the intact erythrocytes, with the exception of A.J. (the compound heterozygote without neurological disorders). The fluorescence anisotropy values of IOV from both parents and from the controls showed a decrease as compared with that of their ROV, while no difference could be revealed between the motional freedom of the fatty acid chains in ROV and IOV from the two compound heterozygotes.
Because of nonradiative energy transfer to the heme, the fluorescence signal in intact erythrocytes of permeant fluorophores is weighted in favor of the outer hemileaflet of the membrane bilayer, while in erythrocyte ghosts the fluorescence signal is representative of both leaflets (22) . In contrast to the normal controls and the father, the difference in anisotropy values between intact erythrocytes and ghosts from the propositus and the mother was much less, and there was no difference at all between the samples obtained from the compound heterozygote without neurological symptoms; these findings plus the complete lack of difference between ROV and IOV from the two compound heterozygotes may point to marked differences in the lipid organization of their erythrocyte membrane. Fluorescence anisotropy measurements of the phospholipids isolated from the lipid extracts from erythrocytes from the TPI-deficient family and the controls showed no difference in anisotropy values (Fig. 2) .
DISCUSSION
TPI is involved in fatty acid synthesis and DHAP is a crucial precursor of ether lipids. Lipids form 30-40% of brain tissue cytoplasmic domain of band 3 in direct contact with Na+/K+-ATPase (24) (25) (26) (27) . Ova'di (28) has confirmed the direct channeling of substrates among aldolase, TPI, and glyceraldehyde-3-phosphate dehydrogenase in erythrocytes when the protein concentration was held high. The relevance of glycolytic enzyme interactions with band 3 has been repeatedly questioned (29, 30) . However, the most recent data of Low et at (31) 
